We have used a color matching technique to estimate the optical density of the foveal cone photopigments in a group of patients with retinitis pigmentosa. We find that foveal cone optical density is reduced in patients with retinitis pigmentosa. This reduction of density can occur early in the disease process and is found in patients with minimal visual field loss or 20/20 visual acuity. Foveal cone optical density is highly correlated with visual acuity and correlated with visual field area. Full-field ERG measurements are severely reduced early in the disease before significant foveal changes occur.
Introduction
Retinitis pigmentosa (RP) is a group of degenerative diseases of the retina known to cause night blindness, a progressive loss of visual field, narrowing of the retinal vasculature, and alteration of the retinal pigment epithelium throughout the retina.' However, despite the vitreous changes' and opacifications in the posterior subcapsular portion of the lens 2 associated with retinitis pigmentosa, visual acuity of 20/20 to 20/40 is often retained until later stages of the disease. Although it is possible to estimate the rate of progression of field loss once begun, 3 4 it is not yet possible to determine the long-range prognosis for macular function, e.g., visual acuity. It has been shown that the disease affects both the fovea and periphery. 5 The progression of retinitis pigmentosa in the fovea is not yet well understood. One substrate shown to be severely damaged in at least one type of retinitis pigmentosa is the photopigment/retinal pigment epithelial complex. 6 To investigate early outer retinal damage affecting the central area of vision, we have used noninvasive techniques to measure (a) the effective optical density of photopigment in the central 40 of vision, (b) the amount of light that bleaches one-half of the photopigment, and (c) the rate at which the photopigment regenerates following a bleach.
Previously the optical density of the photopigment in the foveal cones of patients with retinitis pigmentosa has been investigated with both retinal densitom-etry 7 8 and color matching. 9 These techniques measure only outer retinal function. Neither technique is affected by later neural processing. 10 For normal observers the two techniques give similar estimates of the half-bleach illuminance and of the optical density of the human cone photopigments.11-1 6 For patients with retinitis pigmentosa, recent studies using retinal densitometry indicate that the cones in the central 20 of the retina have optical densities less than those of normal observers. In retinal densitometry, the optical density measurements of photopigments depend on the difference between the amount of light reflected from the retina in the bleached and unbleached states. The assumption is that the change in reflectance is due to light absorbed by the photopigment. Stray light that reflects back to the detector from the lens or vitreous, without reaching the retina, results in artifactually low difference measurements. Since lens and vitreous changes in patients can be extensive, these effects could be large. To minimize these artifacts, only patients with good visual acuity were tested. 7 8 Also, in contrast to retinal densitometry, color matching measurements are determined only by the light absorbed by functioning cones. A loss in the total number of cones will not be detected. The color match depends on the spectral sensitivities of the photoreceptors, which in turn depend on the concentration of photopigment and the path length of light through the photopigment.1"1 2 To measure the optical density of the photopigments, the difference between the color matches at low illuminance and high illuminance is obtained. By assuming the extinction spectra of the cone photopigments to be those of the average observer, 17 the optical density is calculated. ' 2 At low illuminances, a shift in the color match toward that usually found at higher illuminances, e.g., the pseudoprotanomalous shift, can imply reduced optical density. 9 However, a change in the spectral sensitivity due to abnormal extinction spectra or the effects of preretinal filtering can also cause a shift in color matches. Without measuring both the low illuminance and high illuminance color matches, quantitative measurements of the optical density of cone photopigments cannot be obtained.1"1 8 We have developed two noninvasive color matching techniques: (1) steady-state color matching," which measures the optical density of cone photopigments as a function of the steady-state retinal illuminance, and (2) dynamic color matching,13"1 9 which measures the change with time of the optical density of photopigments following a known change in illuminance. We compare the results of these color matching techniques with those obtained by other researchers using retinal densitometry. 7 8 In addition, we compare the optical densities obtained in all three studies with results from three common clinical techniques used in assessing retinitis pigmentosa: visual acuity; visual fields; and the full-field electroretinogram (ERG).
II. Method

A. Apparatus and Stimulus
The patient makes color matches using the fourchannel high-illuminance Maxwellian view apparatus described previously.1"1 2 To ensure that most patients make accurate color matches we use a 40 bipartite field. The patient matches the color and brightness of a 590-nm standard light with a mixture of a green (546-nm) and red (650-nm) primary. By turning the color knob, the patient adjusts the ratio of the red vs green primaries at approximate constant luminance. By turning the brightness knob, he adjusts the luminance of the red and green mixture. A computer continuously monitors these adjustments. A dim 480-nm light minimizes the contribution of the short-wavelength sensitive cones at high retinal illuminances. Additional field sizes from 1 to 8 are available to investigate changes in optical density with retinal ec-
The patient is aligned with the optical axis of the apparatus using infrared LEDs, a TV camera, a video monitor, and a bite bar positioner. The patient's pupil size and position are monitored throughout the experiment so that all the light from the stimulus enters the pupil. The patient's fixation is monitored throughout the experiment to ensure that the same central region of vision is tested at all illuminances.
B. Steady-State Color Matching Technique
To obtain estimates of optical density as a function of retinal illuminance, we vary the retinal illuminance of the field in eight steps, from 260 to 130,000 trolands (Td), for patients and in nine steps, from 260 to 260,000 Td, for normal control observers. Following discussion of instructions and informed consent, the patient is aligned to the apparatus. At each illuminance he reaches a steady state of adaptation, then makes ten color matches. At the end of the session, the matches are calibrated, and the log ratio of the red to green primaries, log (R/G), is computed. We fit a cumulative normal distribution to these data" to obtain (a) the base line (moderate illuminance) color match, (b) the optical density (the difference between the base line and high illuminance color match), 2 ' and (c) the retinal illuminance required to bleach half of the photopigment, the half-bleach illuminance Io. For one patient we measured optical densities for both eyes and additional field sizes in one eye.
C. Dynamic Color Matching Technique
To obtain the rate of change of the optical density following a change in retinal illuminance, we measure the timing of the shift in the color match following a luminance increment or decrement. First, the patient makes a color match at low retinal illuminance, then dark adapts for 15 min. Next the patient continuously brackets the color match, first too red, then too green, then too red, for 3 min (the base line period). Following this, the illuminance is abruptly increased (the bleaching period); the patient brackets the high illuminance color match for 6 min. The retinal illuminance is then decreased (the regeneration period), and the patients bracket the color match for 6 min. Typically, the highest illuminance used in the bleaching period is 89,000 Td. From these data we obtain measurements of the time required to regenerate one-half of the photopigment (half-time). We compute the half-time as the time after the end of the bleaching period required to regenerate one-half of the difference between the base line and bleaching period color matches. Patients with greatly reduced optical density are not recruited for this test. Those patients recruited are tested a minimum of 2 weeks following the steadystate measurements for the eye tested. Thus far, only three return patients have sufficient optical density and color discrimination to obtain meaningful halftime estimates.
D.
Visual Acuity, Visual Fields, and ERG Clinical measurements of visual acuity, visual fields, and ERGs are collected by trained ophthalmic technicians. Visual acuity is determined using a projected chart. Visual fields are obtained on a Goldmann perimeter for several targets. We then digitize the visual fields on the PAR Microsystems IS-2000 image processor. From the digitized images we compute the area (in arbitrary units) contained within each isopter, subtracting out scotomata and the blind spot as needed. For comparison with previous studies, we report areas for the II 4 and I 2 isopters. For three patients in which there was no II 4 isopter collected because the adjacent isopters were close together, an area measurement was obtained by interpolation. ERGs were measured using Burian-Allen electrodes and Ganzfield, white light stimulation following 35 min of dark adaptation. The amplitude of the a wave was measured for 100-,us flashes with the patient in a dark-adapted state (scotopic ERG) and with the patient in a light-adapted state (photopic ERG). The areas of the visual field isopters are in arbitrary units. The photopic ERG (P. ERG) and scotopic (S. ERG) data are the proportion of the normal a-wave amplitude. The family history is coded as D for dominantly inherited RP, F for other members of the family affected, and S for a single family member affected. The normal population means and standard deviation were: optical density = 0.27 + 0.037; Io = 4.40 ± 0.09 log Td (n = 27).
E. Patient Population
Ten patients, aged 11 to 46, were recruited (average 26.6 yr); most were recently diagnosed as having retinitis pigmentosa. All had night blindness, reduced or extinguished full-field ERGs, and fundus abnormalities consistent with RP. Visual acuities ranged from 20/20 to 20/50; no patient had visually significant cataracts or media opacities (see Table I ). Visual field abnormalities ranged from a subtle constriction of isopters to large island scotomata in the midperiphery. None of the patients has x-linked RP. Patient 6, a female, has Usher's syndrome and a brother with RP, but no other family members have been diagnosed with RP. Patients 7 and 8 are brother and sister with two brothers without RP. Patient 10 has a brother with RP and a sister without RP; both his parents have severely reduced ERG amplitudes. We compare our results to a population of twenty-seven normal observers, aged 18-47 yr (average 30 yr)."
Ill. Results
A. Optical Density
For every retinitis pigmentosa patient the optical density of the photopigments in the central 4° of vision is less than the average optical density for normal observers, which is 0.27 with a standard deviation of 0.037. This is shown in Figs. 1-4 . At moderate retinal illuminances retinitis pigmentosa patients require more of the red primary in the mixture to match the standard than do normals. This shift in the color match has been called a pseudoprotanomalous shift. The optical densities 2 ' range from 0.244 (about 1 standard deviation below average) to dilute (see Table I ). Nine of ten patients had significantly less optical density than the average of normal observers [seven with p <0.01 and two with p <0.05 (
To test whether a patient with a decreased optical density still had the highest optical density at the fovea, we measured the change in the color match with field size' 2 ' 2 0 in a patient with 20/20 visual acuity and no family history of RP. Additional field sizes of 8, 2, and 1 ( Fig. 1) were tested. The difference between field sizes was similar to that of normal observers with -all field sizes yielding somewhat lower optical densities than measurements on normal observers.1 2 Thus in this patient there appears to be a generalized loss of photopigment over at least the central 80 rather than a loss localized to the central fovea. 8 The optical density was reduced even for patients with only mild constriction of visual fields (Figs. 1 and   2 ) or 20/20 visual acuity (Figs. 1, 3, and 4) . Thus the change in optical density in the central 40 of vision occurs early in the disease progression.
B. Comparison of Optical Density to Visual Acuity, Visual
Fields, and ERG Visual acuity and optical density were highly correlated with the patients with the best visual acuity tending to have the highest optical density: r = 0.713 (p <0.01).23 The area of visual field for the I 2 isopter was also significantly correlated with optical density, r = 0.621 (p <0.05). While optical density was also positively correlated with the II 4 isopter area, this correlation did not reach significance. In the eight patients who had recent visual fields, all had visual field defects, ranging from subtle isopter constriction in patients 1 and 6 to obvious field defects in six other patients. Only patient 9 had a partial central field defect.
No other correlations were significant. All the patients in our study had ERG amplitudes that were extinguished or severely reduced with respect to our clinical norms. Thus we did not find a positive correlation of optical density with the a-wave amplitude of either the photopic ERG or the scotopic ERG. Since the waveforms of most patients were essentially flat, the use of other measurements such as the b-wave amplitude would not increase the correlations. Log Td 
C. Half-Bleach Illuminance
Most patients had half-bleach illuminances that did not differ from those of the normal observers, which averaged 4.4 log Td with a standard deviation of 0.088. Two patients had half-bleach illuminances less than normal (p <0.01), and three had half-bleach illuminances greater than normal (p <0.01 for two patients and p <0.05 for one patient). Patients 1, 3, 4, and 6 had significantly lower than normal optical densities but normal values for Io (see Figs. 2-4) . The optical density was so low in patient 7 that an estimate of the half-bleach illuminance could not be computed.
D. Dynamic Color Matching Results
The time required to regenerate one-half of the photopigment (half time) is 144 s for the right eye of patient 2 and 139 s for patient 3, who has lower optical density. Note that both these patients have normal Io values. These measurements are somewhat longer than our typical measurements but fall within the range of our normal observers for these conditions.' 4 Patient 5, who has a significantly higher than normal Io, has a half-time of 68 s.
If the regeneration of the RP patients were extremely slow, it would be possible to attribute the lower density measurements to partial bleaching at our low- est retinal illuminances. In central serous retinopathy we have measured a low optical density that we attribute to very slow regeneration; consequently there is bleaching of the cone photopigments at abnormally low retinal illuminances. None of the three RP patients tested with the dynamic color matching technique showed evidence of bleaching at abnormally low retinal illuminances. However, to test for this possibility we performed an additional experiment. Patient 5 and a central serous patient of similar age and visual acuity were each dark adapted for 15 min prior to test. together with a normal control. During the period of dark adaptation the central serous patient was able to regenerate additional photopigment, while the RP patient was not. Once the 5500-Td field was presented, the optical density decreased for the central serous patient but not for the RP patient. Similar to the RP patient, a normal observer shows no evidence of bleaching at 5500 Td, even for a 15-min presentation. This experiment was repeated for both patients, but with the central serous patient tested at a lower retinal illuminance (260 Td) to control for the higher Io in the RP patient. Again the central serous patient bleached at a low retinal illuminance (260 Td), but the RP patient did not bleach at 5500 Td. This experiment supports the hypothesis that the RP patients have lower optical densities due to factors other than the rate of regeneration of the cone photopigments.
IV. Discussion
A. Optical Density and Half-Bleach Illuminance
The optical density of RP patients, in agreement with previous studies, 7 -9 was less than that of normal observers. According to Beer's law, F(X) = 110-a(X)c (see Ref. 11) , where F(X) is the absorption spectrum, a(X) is the extinction spectrum of the pigment, c is the concentration of pigment, and is the path length of light through the pigment. Thus, with a color matching technique, changes in optical density depend on only the concentration of the photopigment and the path length of light through the photopigment. Recall that the low illuminance color matches are shifted upward from those of normal observers for all of our RP patients. In contrast, the high-illuminance color matches, which are made with dilute concentrations of photopigments for both normal observers and patients, do not differ. Thus a change in optical density does not reflect changes in a(X) between patients and normal observers. Recall also that a reduction in the number of photoreceptors will not change the color match, since only functioning cones contribute to the match.
In our testing conditions a reduction in the measured optical density could be caused by at least three different factors": shortened or otherwise damaged cones; cones oriented obliquely to the path of the incident light; and abnormal photopigment regeneration. We will now discuss data that support the first two factors and indicate for which data the third may also be a possibility.
The first two factors are types of structural change in the cones. Cones that are shortened or damaged so that they contain either a lowered concentration of photopigment or shortened outer segments must have lower than normal optical density. The second structural factor that may contribute to the decreased optical density measured at low retinal illuminances is the alignment of the cones. If the cones are aligned obliquely to the optical path of the incident light, a decreased optical path length results as well as sensitivity changes due to the Stiles-Crawford effect. 24 Thus less light is absorbed, and the effective optical density is decreased. Also, since less light is absorbed, more light is required to bleach the photopigments resulting in higher Io values. As can be seen in Table I , three RP patients have higher than normal values of Io. These patients should show a generalized loss of sensitivity to light. A foveal sensitivity loss (more light required to detect a target) has been demonstrated in RP patients 7 2 5 ; since there is less effective optical density, there is a decreased ability of the photoreceptors to catch quanta. It should be noted that other structural factors could cause a sensitivity loss without necessarily decreasing the path length and thus the optical density. 2 6 Our technique cannot distinguish between changes in path length and changes in concentration.
The third factor, a photopigment kinetic defect, is not necessarily related to cone structure. If the photopigment is regenerated more slowly in the RP patient than in normal observers, less light is required to bleach photopigment. This may be the cause of the abnormally low values of Io found in two patients. Slowed photopigment regeneration could mask a sensitivity defect in some conditions. In patients with a kinetic defect, a dim light could bleach appreciable amounts of photopigment. This would not be the case for patients with only structural defects in their cones. As discussed in the results, we have seen evidence of this in central serous patients but not in RP patients. We will further investigate this possibility by performing dynamic color matching on patients with low values of Io. Thus it is possible to begin to determine the factors underlying the decreased optical density found early in the central 40 of patients with RP.
B. Comparisons with Previous Studies
As stated in Sec. I, we are examining the relation of optical density in the central region of vision with clinical measures, such as visual acuity, visual fields, and full-field ERG. We want to determine whether the visual acuity loss, so detrimental to patients, is related to mechanisms underlying decreased optical density. Also, if the degeneration is operating over the entire retina early in the disease, we should see evidence of this. Although the visual field and full-field ERG measurements depend on sensitivity to light and a sensitivity loss can be due to factors other than decreased optical density, these measurements are readily available in most centers.
We compared our results to results of two recent studies 7 8 to investigate the relation between optical density and visual acuity, visual field area, and fullfield ERG responses. The similarities across studies included (a) lower than average optical density for many RP patients, (b) visual acuity better than 0.5 for most patients, (c) a similar range of visual field areas obtained with Goldmann perimeters at specified isopters, and (d) ERG amplitudes reported with respect to established norms. The main differences are (a) the pattern of inheritance, (b) the method of obtaining measures of cone photopigment concentration, and (c) the visual field isopters tested. In our study, there were only two cases of dominant inheritance, one case of Usher's syndrome, and no confirmed cases of xlinked inheritance. Similarly, in the study of van Meel and van Norren 7 there was only one case of dominant inheritance, although there were some potential cases of x-linked inheritance. In contrast, the Kilbride et al. 8 study had several cases of dominant inheritance. Our method of obtaining cone photopigment concentration is color matching."" 2 In contrast, cone photopigment concentration is measured by imaging densitometry by Kilbride et al. 8 and by nonimaging densitometry by van Meel and van Norren. Visual field areas were reported for both the II 4 and I 2 isopters in our study, the II 4 only in the Kilbride study, and mainly the I 2 in the van Meel and van Norren study. Thus differences among studies may be due to both differences in method and/or differences in patient populations.
Cone Optical Density
All studies report lower optical densities for most retinitis pigmentosa patients than for normal observers. Kilbride et al., but not van Meel and van Norren, examined the effect of retinal locus on optical density. With our method and normal observers, we previously reported an increase of optical density with decreasing field size for normal observers.' 2 In this study, we found a similar increase in optical density with field size for a patient with no family history of RP, patient 2 (see Fig. 1 ). In contrast, Kilbride et al. found a smaller than normal change with field size for recessive RP and Usher's syndrome patients.
Visual Acuity
In agreement with our findings, visual acuity was significantly correlated with the estimate of optical density in the van Meel and van Norren study as well as the Kilbride et 
Visual Fields
In agreement with our study, Kilbride et While the visual field area vs optical density correlation coefficients was positive for the two other conditions in the Kilbride et al. study as well as in the van Meel and van Norren study, none was statistically significant. It should be noted that in both studies no visual field data were reported for some patients, thereby reducing the sample size and the chance to reach statistical significance.
Full-Field ERG
Most of the patients in our study had severely reduced or extinguished scotopic and photopic ERGs. Similarly, the patients in the van Meel and van Norren study had severely reduced or extinguished scotopic ERG b-wave amplitudes. The correlation between measures of the ERG amplitude and optical density was not statistically significant in either study. In contrast, some patients in the Kilbride study had normal scotopic or photopic ERGs. The correlation between scotopic ERG amplitude and optical density was statistically significant only in a 1-2° annulus condition in the Kilbride et al. study (p <0.01). The correlation between photopic ERG amplitude and optical density was statistically significant only in the 2-30 annulus condition (p <0.05). The other four correlation coefficients were not statistically significant. Clearly the correlation between optical density and clinical ERG does not hold under all methods and patient populations. Thus it is difficult to determine whether ERG amplitudes are well-correlated with optical density in the central region of vision. More quantitative ERG techniques may yield better information in understanding disease mechanisms.
V. Conclusion
Photopigment optical density is reduced early in the course of RP. The mechanisms underlying this reduction can be investigated using steady-state and dynamic color matching. We have shown that some patients have significantly reduced optical density without having significant changes in photopigment kinetics; structural changes in the fovea seem a more likely explanation for the reduced optical density for these early foveal changes. While visual acuity and visual field changes 3 may be of predictive value for macular function, the full-field ERG, as used clinically, may not because it is severely reduced early in the course of the disease. 21 . The optical density is actually computed from the difference between high and low illuminance color matches according to a set of nonlinear equations. However, since over the range of optical densities obtained experimentally, this equation is well approximated by a linear dependence. We use the linear approximation in this paper. References 11 and 12 provide further details.
22. Using a t distribution, we formed confidence limits based on our normal population." 1 We determined the extent to which each patient's parameters differed from normal. We expected the optical density of RP patients to be less than normal (one-tailed test). However, we expected that the half-bleach illuminance Io SHORT COURSE OFFERED ON LASER MEASUREMENTS NBS is sponsoring a 3-day course (May 12-14) in the concepts, techniques, and apparatus used in measuring laser parameters, emphasizing the measurement of power, energy, and pulse characteristics. The course, offered in Colorado Springs, Colo., will be taught by laser experts from academia, industry, and NBS and other government agencies. Students are expected to have a degree in physics or electrical engineering, preferably with some experience in using lasers. 
